We investigate the effects of charged-current (CC) nonstandard neutrino interactions (NSIs) at the source and at the detector in the simulated data for the planned Deep Underground Neutrino Experiment (DUNE), while neglecting the neutral-current NSIs at the propagation due to the fact that several solutions have been proposed to resolve the degeneracies posed by neutral-current NSIs while no solution exists for the degeneracies due to the CC NSIs. We study the effects of CC NSIs on the simultaneous measurements of θ 23 and δ CP in DUNE. The analysis reveals that 3σ C.L. measurement of the correct octant of θ 23 in the standard mixing scenario is spoiled if the CC NSIs are taken into account. Likewise, the CC NSIs can deteriorate the uncertainty of the δ CP measurement by a factor of two relative to that in the standard oscillation scenario. We also show that the source and the detector CC NSIs can induce a significant amount of fake CP-violation and the CP-conserving case can be excluded by more than 80% C.L. in the presence of fake CP-violation. We further find the potential of DUNE to constrain the relevant CC NSI parameters from the single parameter fits for both neutrino and antineutrino appearance and disappearance channels at both the near and far detectors. The results show that there could be improvement in the current bounds by at least one order of magnitude at the near and far detector of DUNE except a few parameters which remain weaker at the far detector.
I. INTRODUCTION
The discovery of the nonzero value of the neutrino mixing angle θ 13 has revolutionized the field of neutrino physics in the recent years. This has been made possible after the twenty years long efforts to build and improve the sophisticated detector technology for the measurement of the small value of θ 13 in the accelerator neutrino experiment, T2K [1] and the reactor neutrino experiments, Double Chooz [2] , RENO [3] and Daya Bay [4] . These experiments have measured the value of θ 13 with unprecedented precision. The next goals in the neutrino oscillation study is to find the correct ordering of the neutrino mass hierarchy (Normal or Inverted), the determination of the CP-violating phase (δ CP ), to find the correct octant of the mixing parameter θ 23 and the precise measurements of all the parameters of the neutrino oscillation scheme. All these unknown parameters and the information will be explored in the medium-baseline reactor neutrino oscillation experiments, JUNO [5] and RENO-50 [6] , and in the long baseline accelerator experiments, T2K [7] , NOνA [8] , T2HK [9] and the Deep Underground Neutrino Experiment (DUNE) [10] .
Two main goals out of the several others in the ongoing DUNE are the measurement of δ CP and determination of the correct octant of θ 23 . The apparent issue in the simultaneous measurement of these two parameters is their strong correlation with each other. Previously, it has been shown that in ν e /ν e appearance channels, the simultaneous measurement of θ 23 and δ CP in the long baseline experiments in the region 40 0 ≤ θ 23 ≤ 50 0 is the better way to measure the two parameters more precisely [11] . The same authors have studied the correlation and their impacts on the measurement of the two parameters by considering both the appearance and disappearance channels at the long baseline experiments, T2HK [12] , LBNE [13] , IDS-NF [14] and ESSνSB [15] with different baselines [16] . It has been proven that how the interplay between the two channels can improve the measurements of θ 23 and δ CP and how the existing degeneracy can be lifted.
In the recent years, after the discovery of the nonzero value of θ 13 , a wide effort has been put to investigate the hints for NSIs at the neutrino sources and detectors in the reactor short-baseline experiments [17] [18] [19] [20] [21] and for the NSIs at propagation in the accelerator long baseline experiments [22] [23] [24] [25] [26] . In the latter case, it has been demonstrated recently in Ref. [22] that how the data from DUNE setup can be modified in the presence of different scenarios of NSIs at propagation of magnitude larger than O(10 −1 ) if the DUNE data is not consistent with the standard paradigm. There exists degeneracy between the standard mixing parameters and NSI parameters at propagation of the appearance channels in the three long baseline neutrino oscillation experiments T2K, NOVA and DUNE [23] . It was found that at a single L/E ν , both diagonal and off-diagonal NSI parameters can lead to the four-fold degeneracy that can affect the measurements of mass hierarchy, octant of θ 23 and δ CP . It was also shown that the degeneracy cannot be resolved even by the combined data of T2K and NOνA, however a wide-band beam experiment like DUNE can resolve the degeneracy in some scenarios, but not for the others. It was further shown in Ref. [28] , that such a degeneracy can also be resolved with the help of a low-energy neutrino oscillation experiment such as MOMENT [29] . Some other recent work related to the new physics sensitivities at DUNE can be found in Ref. [30] [31] [32] [33] .
In this work, we consider an alternative approach by considering the charged-current (CC) NSIs which can affect the neutrino production and detection for the case of DUNE. Although neutral-current (NC) NSI which are active during the propagation through the earth matter are more important for the high energy neutrino beams of DUNE, however, the CC NSI at the source and detector are also equally important and cannot be ignored. Since the standard and non-standard NC interactions at the propagation in matter depend on the neutrino energy [34] , therefore by combining DUNE, which is a high energy neutrino experiment, with another low energy neutrino experiment such as MOMENT, the degeneracies posed by the NC NSIs to the determination of oscillation parameters can be resolved. However, if the degeneracies produced are due to the CC NSIs, then they cannot be resolved in this way, (see Ref. [28] for details). Moreover, for the near detector only the CC NSIs are relevant while the NC NSIs play no role at the near detector of DUNE, therefore we include the near detector simulated data in addition to far detector. From the near detector alone, we obtain stronger bounds than the existing bounds on the CC NSI parameters as given in the 3rd column of Table I for the 3+3 years of DUNE run. It is also important to note that in future if the DUNE near detector data is combined with the other short-baseline low energy experiments, they will constrain the CC NSI parameters up to several orders of magnitude.
In this work, first we analyze the low-level information at the probability and at the event rate spectrum level and then perform the full statistical analysis to find the sensitivity of DUNE measurements to the CC NSIs at the source and at the detector. We explore the correlation between the two standard parameters θ 23 and δ CP in the presence of CC NSIs. Analysis with the same goals, but for the different baseline at the ESSνSB facility [15] has been carried out in Ref. [35] , where it has been shown that the precision of θ 23 is robust in the presence of source and detector NSIs, but δ CP measurement gets worsen. Ref. [27] 1 also studies the effects of NC and CC NSI at DUNE in a different perspective, where they consider only the far detector in their analysis and follow an unrealistic approach by considering different NSI at the source and detector. Contrary to Ref. [27] , we use the simulated data from both the near and far detectors with equal emphasis on both and taking the advantage of the fact that the NSI at production and detection are the same. We find the effects of the CP-violation caused by NSI phases when the standard δ CP = 0; we called it the fake CP-violation and denote it by δ CP . Further, we explore the potential of DUNE to constrain the CC NSI parameters at the neutrino source and at the near and far detector and compare them with the current bounds.
This paper is organized as follows. In section II, we present the CC effective four-Fermion NSI Lagrangian and discuss the effects of NSI on oscillation probability. In section III, we discuss about the characteristics of DUNE. The details of our analysis and the results are presented in section IV. The summary and conclusions to this work are given in section V.
II. THEORETICAL FRAMEWORK
For the DUNE set up, high energy beams (up to 10GeV) of neutrino and antineutrinos are produced at the accelerator as a result of pion decays (π − → µ − + ν α and π + → µ + + ν α ). They travel over a distances of 1300 km towards the DUNE far detector and over a distance of 450m towards the DUNE near detector and their detection is made through inverse beta decays (ν α n → pe − and ν α p → ne + ) in the liquid argon scintillation detector. The left-handed four-Fermion CC effective NSI Lagrangian which governs the pion decays at the source and the inverse beta decays at the detectors are given by [17] [18] [19] 
where α, β are the flavor indices and a is the mass index and all the repeated indicies are summed over. We have restricted ourselves to the case of left-handed neutrino helicity and vector and axial-vector quark currents. For simplicity, we do not consider any right-handed NSI couplings. The coefficients ε udL αβ , which are complex in general, are the relative coupling strengths of the different flavor combinations of NSI to the standard model semileptonic, while in the SM case ε udL αβ = 0. Here U is the standard leptonic mixing matrix, parametrized in the standard form. For brevity, we denote all NSI parameters (ε udL αβ ) at source and detector by ε s αβ and ε d αβ where the indices 's' and 'd' stand for the 'source' and 'detector'. Since the production and detection of the neutrinos have the same interaction process at the quark level, we can take ε s αβ = ε d * αβ for the neutrino and for ε d αβ = ε s * αβ for the antineutrino beams and thus remove "s" and "d" indices further and denote all the parameters by ε αβ in general. This pragmatic choice reduces the number of NSI parameters to a half and as a result give better parameter fits. This fact has not been considered in ref. [27] and therefore they get weaker constraints as compared ours on the NSI parameters. Here for α = β in the Eq. (1), the summation corresponds to the SM and non-universal flavor diagonal NSI while α = β corresponds to the flavor-violating NSI. In our simulation we used GLoBES, and for including the NSI we used oscillation probability formulas from Ref. [36, 37] , so we do not repeat the lengthy analytical probability formulas which were calculated using perturbative expansions upto the leading order in the NSI parameters, however we summarize the probabilities and their NSI parameters dependences in table I. In case of the near detector, the baseline L=0, therefore the oscillation probability at the near detector does not depend on standard oscillation parameters, and for electron appearance, it depends on ε µe and for disappearance mode, it depends on ε µµ and ε ee as shown in TABLE I. At the far detector, muon disappearance probability depends on standard oscillation parameters θ 23 and ∆m 2 31 and NSI parameters ε µµ , ε µτ , ε τµ and ε eµ . Electron appearance probability at the far detector depends on all the standard oscillation parameters θ 23 , θ 12 , θ 13 , ∆m 2 31 , ∆m 2 21 and δ CP and also on NSI parameters ε µe and ε τe . Dependence of the appearance and disappearance probabilities to the standard oscillation and NSI parameters are listed in table I. For the complete approximate analytical expression of all the oscillation probabilities formulas see Ref. [36] .
Channel standard parameters (FD) CC-NSI parameters (FD) CC-NSI parameters (ND)
As a first exercise to see the effects of CC NSIs on the oscillation probabilities at the far detector of the DUNE with baseline of 1300 km are shown in Fig. 1 . In Fig 1(a) the electron neutrino appearance probability is shown for the standard interaction and NSIs when only one of the NSI parameters is nonzero and is equal to 0.1. In Fig. 1(b) the disappearance of the muon neutrino is shown. Notice that the values for the standard oscillation parameters and their uncertainties were taken from nu-fit [40, 41] with δ CP = 0 and the resolution of the plot along the energy axis was taken as 0.1 MeV.
III. CHARACTERISTICS OF DUNE AND THE ANALYSIS DETAILS
The DUNE will be a long baseline accelerator based neutrino oscillation experiment where neutrinos/antineutrino beams will be produced at FermiLab and will be detected at Sanford Underground Research Facility, 1300 km away from the FermiLab. In our simulations, we consider 1.2 MW proton beam which produces the neutrino and antineutrino beam from pion decays with the neutrino energy ranging from 100 MeV to 20 GeV and with the peak around 3 GeV. We take the spectrum from Ref.
[39] and consider the reference beams for the near and far detector in neutrino and antineutrino modes with 3 years of data taking in each mode. We consider a Liquid Argon Time-Projection Chamber (LArTPC) with 34 kton fiducial mass for the far detector. The details of the near detector are under discussions, however, we consider a near detector with 5 ton fiducial mass placed at 460 m baseline. The NC events, lepton flavor misidentication and the intrinsic background are considered as the main sources of background, while neglecting the other background sources.
We consider the energy resolutions for the CC detections as 15%/ E(GeV) for ν e and 20%/ E(GeV) for ν µ , while the efficiency of CC detection of ν e and ν µ as 80% and 85% , respectively. Both the NC and Lepton flavor misidentification rates are taken 1%. The flux uncertainty is taken 5%, the calibration error is 2% and the flux uncertainty of the background is 10%. We take the detector performance from Table 4 .2 of Ref. [38] . For the analysis, we consider the energy range between 0.25 GeV to 8 GeV and 31 bins in the unit steps of 0.25 GeV. The CC and NC cross sections are taken from Refs. [49, 50] . The number of events in each bin for the standard three neutrino oscillation and in the case of NSI for ε µe = 0.1 and ε µe = 0.1 in the appearance channel and with ε µµ = 0.1 and ε τe = 0.1 in the disappearance channel for the near and far detector data are shown in Fig. 2 , where the contribution in each bin is the aggregate of both signal and background events. In the near detector appearance mode, almost all of the events are background events since the number of events of the signal is negligible. The values with their uncertainties of the oscillation parameters are taken from nu-fit [40, 41] and the value of the CP phase is taken zero. For matter density profile, we use PREM with 5% uncertainties [46] . Our number of events for near and far detector are in agreement with the result of Refs. [22, 42] , except for the the slight differences which occur due to the differences in the neutrino fluxes, details of the detector performance, oscillation parameters such as the different value of δ CP . For the result of the near detector, in comparison with Ref. [42] , we consider baseline of the near detector equal to 460 m, while they consider 595 m. Moreover, our number of events include both signal and background while they consider only the signal. For simulation and statistical inference, we used GloBES software [47, 48] . The chi-squared test is used by GloBES for statistical inferences and a Gaussian error is implied by the software. For considering the CC NSIs, we include the code from Refs. [36, 37] . We consider the uncertainties of source and detector CC NSIs from Ref. [43] .
IV. RESULTS AND DISCUSSION
In this section we discuss the main results of the effects of CC NSIs on the determination of the standard parameters, δ CP and θ 23 , fake CP-violation due to the CC NSIs and the constraints on the source and detector CC NSI parameters at the near and far detectors of DUNE. Since the hierarchy measurements are mainly affected by the NC NSIs [25, 45] in the long baseline experiments like DUNE and the CC NSIs play no important role in the determination of the correct mass ordering, so in our case assuming either mass ordering will not affect our results. For our analysis we consider the normal mass ordering as the true hierarchy.
A. Effects of CC NSIs on simultaneous determination of δ CP and octant of θ 23 at DUNE
To investigate the effects of source and detector CC NSIs on the determination of δ CP and octant of θ 23 , we simulate our data by considering two choices of the value of δ CP . First, we take δ CP = 0, which corresponds to the CPconserving case and second, we consider δ CP = 270 • , which is the maximal CP-violation in the standard neutrino oscillation scheme and is determined as the global best fit value [41] . With these two extreme values of δ CP , we find the correlation from the two parameter fits of δ CP vs. θ 23 in the standard oscillation scheme where we set all of the other NSI parameters equal to zero and minimize over all the other standard oscillation parameters in these fits. In the second case, we repeat the two parameters fit analysis and minimize over both the standard mixing parameters and also over all of the source and detector NSI parameters, |ε αβ | and φ αβ . For minimization over the NSI parameters, we consider the current uncertainty of these parameters from Ref. [19, 43] .
Using the characteristics of DUNE and the analysis details as explained in section III, we show the results for the analysis of the simultaneous measurements of θ 23 and δ CP in Fig. 3 . Fig. 3(a) and Fig. 3(b) have been obtained when we minimize only over the standard oscillation parameters while set all NSI parameters equal to zero. On the other Fig. 3(a) and Fig. 3(b) ) in the standard scenario is destroyed in the presence of CC NSIs (Fig. 3(c) and Fig. 3(d) ) within the currently known constraints of the CC NSI parameters from Ref. [19, 43] . When the uncertainties of the source and detector CC NSIs are ignored, the octant of θ 23 can be determined with 3σ C.L. as shown in Fig. 3(a) and Fig. 3(b) , while when these uncertainties are taken into account, the octant cannot be determined with 3σ C.L., and the 2σ and 3σ significance levels get affected due to the CC NSI contributions. Similar deterioration of the 3σ C.L. determination of δ CP within the standard scenario takes place for both types of data when the CC NSIs are included as can be seen by comparing Fig. 3(a) with Fig. 3(c) and Fig.  3(b) with Fig. 3(d) . The accuracy of the δ CP measurement gets worsen approximately 80% for δ CP = 0 • and 50% for δ CP = 270 • .
B. Effects of the CC NSI fake CP-violation parameter (δ CP )
Due to the importance of δ CP and its explicit measurement program at DUNE we evaluate numerically the impacts of source and detector CC NSI phases (φ αβ ) which can mimic the δ CP measurement resulting into the fake CPviolation (δ CP ), where δ CP is the measured value of the CP-phase by DUNE which includes the contribution from the standard and nonstandard CP-violating phases. When δ CP = 0, any nonzero measured value of δ CP could be induced by the nonzero value of NSI parameters, ε αβ and φ αβ . In Fig. 4 , we show the one parameter fit of δ CP results for the various choices of the nonzero values of CC NSI moduli and phases for the special case of δ CP = 0 • . We first take the value of |ε µe | and |ε τe | individually as nonzero and then take all the three nonzero at a time, while set them equal to 0.025 in all the cases [19, 43] . In this analysis we consider four values 0 • , 90 • , 180 • and 270 • for the corresponding phases in each case. Fig. 4(a) and Fig. 4(b) have been obtained when |ε µe | = 0.025 and |ε τe | = 0.025, respectively at a time while set the other two parameters equal to zero. The four different choices of the three CC NSI phases are shown through different color legends in the figure. In Fig. 4(c) , both absolute parameters |ε µe | and |ε τe | are taken nonzero and set equal to 0.025. Notice that we have minimized over all the standard mixing parameters in this analysis.
The results show that in some cases of the parameter choices, for instance, for black curve of Fig. 4(c) , we obtained the best-fit value of δ CP as 30 0 more than 80% C.L.. Similarly, in general, we can see from all the three panels of Fig. 4 that the absolute value of δ CP varies from −50 • to 50 • . The analysis shows that source and detector CC NSIs parameters can induce a significant amount of fake CP-violations with in the current best limits obtained in Ref. [19, 43] .
C. Sensitivities to source and detector CC NSIs at DUNE
We further analyze the simulated data for the DUNE setup to constrain the CC NSI parameters at the source and detector. For this, we simulate our data with all the best fit values of the standard mixing parameters from nu-fit [41] and find the single parameter fits for the relevant absolutes of the NSI parameters while set all the other NSIs parameters to zero. The results of this study are demonstrated in Fig. 5 and the bounds extracted at 90% C.L. are given in table II. We take 90% C.L. projection over the distributions of the single parameter fits to extract the bounds as shown in Fig. 5 . We use all the neutrino and antineutrino oscillation channels relevant for DUNE at both the near and far detectors. In the fourth column of table II, we also show the current bounds from the Ref. [43, 44] for comparison. By the general comparison of bounds from this work with the bounds from Ref. [43, 44] (fourth column of table II) shows that for the 3+3 years of running, DUNE has a potential to give more stringent bounds than the existing ones from the other experiments [18, 19] . Interestingly, the bounds for the relevant parameters at the near detector has an overall one order of magnitude improvement than all of the current bounds, while using the data of the far detector, there is an overall a factor of 2 improvement except for ε µτ , ε τe and ε τµ parameters which are weakly constrained in comparison to the current bounds.
As discussed in section II, the near detector is sensitive to ε ee , ε µµ and ε µe , but not to ε µτ , ε eµ , ε τµ and ε τe , thus the former set of parameter can be constrained at the near detector as shown in Fig.5(a, b, c) , while the latter cannot be constrained as can be seen in Fig.5(d, e, f, g ). As can be seen from TABLE II, constraints on ε µτ , ε eµ , ε τe , ε τµ at the far detector are stronger in some cases while weaker in the others. For the far detector, when we fix δ CP or θ 23 to their central values and try to find correlation between the NSI parameters ε µτ , ε eµ , ε τe , ε τµ and δ CP or θ 23 , we find that there is a strong correlation between ε τe and δ CP and the constraint on this parameter at 90% C.L. is 0.042. The same correlation, although weaker, also exists for ε eµ . Similar correlations also exist between ε µτ , ε τµ and θ 23 , where the bounds at the 90% C.L. are 0.013 and 0.014, respectively. This indicates that the weaker bounds of some of the parameters are due to the existing uncertainties in δ CP and θ 23 .
As a check we also repeat the exercise of the analysis of Fig. 3 using the bounds obtained from this study for the near detector case and found that there are marginal differences from the results of Fig. 3 . The reason is that the near detector cannot constrain the ε τe parameter and, as shown in the subsection A above, this parameter is central to the appearance channels and has a large impact on the measurement of δ CP and octant of θ 23 . Notice that the near detector will constrain ε µe . If these parameters have values O(0.01), their effects will be detectable in the near detector. Since the near detector is sensitive to ε µe , the near detector can be more helpful to discriminate between δ CP and δ CP than the far detector. Also near detector has no sensitivity to ε τe , so it cannot discriminate between δ CP and δ CP in all the cases. We do similar simulations for Fig. 4 with the near detector bounds obtained in this work, and in case similar to Fig.4(a) the induced fake CP phase is negligible, δ CP = 0. In the case similar to Fig.4(b) , since the near detector do not constrain ε τe , the result is the same as Fig.4(b) , and in the case of Fig.4(c) , the effect of induced fake CP phase is less than half of the result demonstrated in Fig.4(c) .
V. SUMMARY AND CONCLUSIONS
In this paper, we have explored the effects of CC NSIs at DUNE. We have studied the impacts on the simultaneous measurements of the δ CP and θ 23 due to the CC NSIs at neutrino source and at the detector. We study how the statistical significance level of the measurement of δ CP and θ 23 at the same time gets affected by the CC NSI inputs. We also checked how the NSI parameters can induce a fake CP-violation (δ CP ) effects, when the standard δ CP is set to zero in the NSI model. Further, we find constraints on the CC NSIs at the source and detector for the simulated data of DUNE.
As discussed in section IV and demonstrated in Fig. 3 , we take two choices to see the impact of CC NSIs on the simultaneous measurements of δ CP and θ 23 . First, we have minimized over the NSI parameters as shown in Fig. 3-c and Fig. 3-d , while in the second case we did not marginalize over the NSIs parameters and this is shown in Fig.  3-a and Fig. 3-b . The results demonstrate that in the absence of CC NSIs, the octant of θ 23 can be determined at 3σ C.L., while in the presence of the CC NSIs, the octant cannot be determined at 3σ C.L. Similarly, the CC NSIs also affect the determination of δ CP and its measurement gets worsen by approximately 80% and 50% in the two cases of 5 at 90%C.L., while the current "indirect" bounds from Ref. [43, 44] at 90% C.L. also given in fourth row for comparison. The blank entries indicate that the DUNE near detector has no sensitivity to these parameters. different data. We investigated the effects of NSIs to induce fake CP-violation through the parameter δ CP . The results of Fig.  4 show that in some cases δ CP can be large (δ CP ∼ 30 • ), and δ CP ∼ 0 • can be excluded by more than 80% C.L. With these results, we can conclude that the effect of source and detector CC NSIs are important in determining δ CP and the CC NSIs can induce large amount of fake CP-violation. We showed the near detector of DUNE can help to constrain the source and detector CC NSIs and distinguish between δ CP and δ CP .
The results on constraining all of the relevant NSI parameters in this study at the near and far detectors data of DUNE are displayed in Fig. 5 . The related bounds obtained at 90% C.L. from the one parameter-at-a-time fits of Fig.  5 are given in Table I . The results show that DUNE near detector has a stronger potential to constrain the CC NSIs more tightly, better than one order of magnitude in comparison to the existing bounds on the CC NSI parameters at the source and at the detector. The bounds obtained from the simulated data of the far detector can also improved by one order of magnitude for some parameters but remain weaker for the others. 
